The transportation process is one of the most stressful practices in poultry and livestock management. Extensive knowledge is available on the impact of transport on stress and animal welfare; however, little is known on the impact of transport on the physiology of turkey pullets, their welfare and health, and even less on the process of homeostatic recovery in the post-transport new environment. The main focus of this manuscript was to focus on trauma, stress, and recovery following transport of turkey pullets from nurseries to pullet farms. Specifically, we determined the physiological consequences of transport, the temporal restoration of homeostasis and its effects on immune system function. We hypothesized that stress signaling by stress hormones would directly activate circulating turkey blood leukocytes (TBL), thus inducing a pro-inflammatory response directed towards tissue repair and recovery. Extensive blood analyses prior to transit and during the collecting, transit, and post-transit stages revealed extensive stress (elevated heat shock protein 70) and blunt-force trauma (internal bleeding and muscle damage as well as limb fractures). TBL were shown to increase mRNA expression of cortisol and adrenergic receptors during transit, thus indicating a possible direct response to circulating stress hormones. Consequently, TBL were shown to increase mRNA expression of pro-inflammatory cytokines, as well as that of serum inflammatory proteins (lysozyme and transferrin) partaking in reducing oxygen radicals as demonstrated by consumption of these proteins. The flare-up due to transit related stress diminished with time until 10 d post-transit, a time at which most parameters returned to resting levels. Though general and vaccine-specific antibody levels were not altered by transport-related stress, the physical and physiological injury caused during transport may explain the susceptibility of turkey pullets to opportunist pathogens in the immediate post-transit period.
INTRODUCTION
The transportation process is one of the most stressful practices in poultry and livestock management (Mitchell et al., 1992; Mitchell and Kettlewell 1998; Vecerek 2007; Voslarova et al., 2007; Mitchell 2009 ). In poultry farming, birds might be transported from farm to farm according to the stage of their development and growth. Transportation is a multi-factorial event that includes: (1) creating an extremely noisy environment; (2) manual gathering and grasping and crating the birds into designated net cages in which they are confined, overcrowded and deprived from water and food; (3) loading the cages onto motorized vehicles which then travel to their destination; (4) travel might take several hours, while birds are subjected to wind, cold, heat, vibration and noise; (5) manual unloading of the birds and placement in new housing environment (Averos et al., 2008; Schwartzkopf-Genswein et al., 2012; Marco-Ramell et al., 2016) .
Each of the steps mentioned above has been reported to be stressful. Thus, it was reported that shackling was a traumatic event for broilers (Bedanova et al., 2007) , and that crating and restraining elevated plasma steroid hormone levels in mallards (Bedanova et al., 2014) and broilers (Kannan et al., 1997) . Noise was reported to induce a stress reaction in broilers Gebresenbet et al., 2011) . Vibrations, induced by vehicle motion, adversely affect health and may cause motion sickness in cattle and compromise health of broilers (Randall et al., 1996; Warriss et al., 1997; Gebresenbet et al., 2011) . Changes in stocking density were shown to affect fish and broiler welfare (Nicol et al., 2006; Lupatsch et al., 2010) , and also caused an increased expression of stress-related genes such as HSP-70 in broilers (Beloor et al., 2010) . Temperature changes during transportation as well as food and water withdrawal during transportation were also reported to be stressful factors for poultry (Warriss et al., 1993; Warriss et al., 2005) .
Many stress-related physiological parameters change during transportation. These include changes in plasma corticosterone and cathecolamines, glucose, albumin, creatine kinase (CK), triglycerides, and uric acid (Brown et al., 1999; Nijdam et al., 2005; Zhang et al., 2009) . Additional manifestations of stress may include alterations in the cellular composition of peripheral blood, such as changes in heterophil and lymphocyte numbers (Knowles and Broom 1990) . Transportationinduced stress has been reported to affect animal morbidity and mortality (Warriss et al., 1992; Voslarova et al., 2006; Averos et al., 2008; Grandin 2014; Machovcova et al., 2016) and stress was mentioned as an important factor in successful disease transmission in turkey pullets (Simmons and Gray 1979) . Despite the extensive knowledge on the impact of transport on stress and animal welfare, little is known on the impact of transportation on the physiology of turkey pullets, their welfare and health, and even less on the process of homeostatic recovery in the new environment.
Numerous researchers, including our own group, have shown that environmental and husbandry stressors have a fundamental impact on the immune response in the avian species (Holt 1992; Maxwell et al., 1992; Spinu and Degen 1993; Minozzi et al., 2008; Bedanova et al., 2010; Shini et al., 2010; Martin et al., 2011; Chikumba et al., 2013; Habibian et al., 2014; Wein et al., 2016) . Thus, an event as stressful as transportation is expected to have a profound effect on immune activity; we have recently shown that this indeed might be the case for both broilers and turkey pullets (Wein et al., 2016) . Accordingly, the aims of the present study were to extend the previous research on the stressful impact of transportation on turkey pullets. Specifically, we determined the physiological consequences of transport, the temporal restoration of homeostasis, and its effects on immune system function. A better understanding of the mechanisms underlying stress during road transportation and the consequent recovery of homeostasis will allow to improve this essential practice, thus improving welfare and reducing transport-related losses.
MATERIALS AND METHODS

Animals, Husbandry and Experiments
BUT6 turkey pullets (males and females) were studied during commercial road transport. All the birds in this study were randomly sampled from commercial flocks. The flocks were reared in accordance with the respective rearing protocols as determined by the Turkey Pullet Section of the Ministry of Agriculture, Israel. The flocks were raised in enclosed environmentallycontrolled (light, air, and temperature) housings and were fed with standard commercial feed (Ambar, Feedmill, Israel) with free access to food and water. Blood sampling procedure was approved by the university committee for animal welfare and ethics and was performed before, during and after transit.
Experimental Design
Hatched turkey chicks (males and females) were reared in nurseries to 6 wk of age and then collected and transported to pullet farms until marketing. During the nursery period, the chicks received routine vaccination against Newcastle disease virus (NDV; d1, d14, and d28 of life), turkey rhino-tracheitis (TRT) virus (d7 and d21 of life), and turkey influenza virus (d14 and d 28 of life). Our experiments were performed during the transport to pullet farms. The road transportation procedure was in accordance with animal welfare guidelines of Israel Ministry of Agriculture (codex no. 6.1.9 05/2015 Israel Ministry of Agriculture and Rural Development) and was overseen by representatives of the turkey raising company. The transport procedure: Birds were herded to a wire-netting enclosed space and manually collected. The birds were then carried from the facility and once outside placed in pre-loaded cages located on a truck (collecting stage; the time lapse of this stage was, on average, 60 min). The birds were then transported to their destination; travel time to final destination was 1 h. Upon arrival, birds were manually unloaded and placed in their final housings. The effects of transport were repeated on 3 different occasions, included both male and female pullets, with each group containing no less than 5 birds. Care was taken to include only birds without injuries.
Blood was drawn by venipuncture of the vena cutanea ulnaris, during 5 temporal stages: 1) At rest prior to handling and collecting (rest); 2) Just before being loaded into cages on the truck as described above (collecting); 3) While being removed from the truck after the transit to the new location and immediately prior to being released into the new habitat (transit); 4) 1-d post transit (post 1 d); 5) 10 d post transit (post 10 d). For each group, blood was collected into 4 different tubes: the first, contained Alsever's solution (Sigma-Aldrich, St. Louis, MO) at 1:1 ratio with whole blood for immunofluorescence assays, the second, K 3 EDTA minicollect (Greiner Bio-one, KremsmÜnster, Austria) for hematocrit and glucose, the fourth, Vacuette R Z Serum Sep Clot Activator (Greiner Bio-one, KremsmÜnster, Austria) for serum collection, and the fifth, contained TRI Reagent R -BD (Molecular Research Center Inc., Cincinnati, OH) for mRNA extraction.
Micro-Hematocrit Assay
EDTA treated whole blood samples were drawn into heparinized 75 mm micro-hematocrit capillaries (Gelman-Hawksley Ltd, Sussex, UK) and centrifuged for 5 min using a Hawksley Haematospin 1400 Centrifuge (Gelman-Hawksley Ltd, Sussex, UK). Microhematocrit results were obtained using the Hawksley micro-hematocrit reader (Gelman-Hawksley Ltd, Sussex, UK).
Blood Chemistry
Total Protein Total protein levels were determined in serum using the Pierce TM BCA protein assay kit (Thermo Fisher Scientific Inc., Rockford, IL). The procedure was performed according to the manufacturer's instructions, using chicken albumin (Sigma-Aldrich, St. Louis, MO) as a standard.
Blood Glucose Glucose levels were determined in EDTA-treated whole blood samples using FreeStyle Optium glucometer and FreeStyle Optium test strips (Abbott Diabetes Care Ltd, Witney Oxon, UK), according to instructions provided by the manufacturer.
CK and Albumin CK and albumin levels were determined in serum samples using the IDEXX VetTest R Chemistry Analyzer with CK and albumin designated slides (IDEXX Laboratories, Inc., Westbrook, ME) according to instructions provided by the manufacturer.
Glucocorticoid Receptor (GCR) and β2-Adrenergic Receptor (ADRβ2) Immunofluorescence Assay
Turkey blood leukocytes (TBL) were obtained by methylcellulose density centrifugation (Kogut et al., 1995) . Briefly, blood anti-coagulated with Alsever's solution, was mixed with 1% methylcellulose in PBS (25 centipoises; Sigma-Aldrich, St. Louis, MO) at 1:1 ratio and centrifuged at 25 g for 7 min at room temp. The supernatant, containing TBL, was carefully removed, transferred to a new tube. The cells were fixed for 10 min by 1.6% formaldehyde in PBS (SigmaAldrich, St. Louis, MO) and then permeabilized for 15 min by 0.2% Tween 20 in PBS (Sigma-Aldrich, St. Louis, MO). The fixed and permeabilized cells were incubated over night at 4
• C with rabbit anti chicken ADRβ2 (1:100 in 1% BSA-PBS; Abbiotec Inc., CA), or monoclonal mouse anti-chicken GCR (GR49-4,1:50 in 1% BSA-PBS; kindly provided by Prof. Lily Vardimon, The George S. Wise Faculty of Life Sciences, Tel Aviv University, Israel - (Gorovits et al., 1994; Proszkoweic-Weglarz and Porter 2010) . Primary antibodies were detected by secondary antibodies incubated for 1 h at room temperature: Alexa 488 Goat anti rabbit (1:100; Jackson Laboratories Inc. West Grove, PA) for ADRβ2, and Cy3 Donkey anti mouse (1:100; Jackson Laboratories Inc. West Grove, PA) for GCR. Samples were smeared on microscope slides, counterstained using DAPI VECTASHIELD (Vector Laboratories, CA) and closed with coverslips. The slides were observed with the BX 51 TRF fluorescent microscope (Olympus, Japan) fitted with a DP-72 camera. Photo composites were assembled using Adobe Photoshop CC (2017).
Determination of Serum Proteins by ELISA
Enzyme-linked immunosorbent assay (ELISA) was used to determine several serum proteins. Briefly, serum samples, were serially diluted in carbonate-bicarbonate buffer (pH = 9.6) and placed on an ELISA plate (Nunc, Thermo Fisher Scientific Inc., Rockford, IL). Coated plates were incubated in a humidified chamber at 4
• C overnight and were then blocked using 0.5% skim milk (BD, Difco, Sparks, MD) in phosphate buffered saline. Detection was performed using HRP-conjugated antibodies and TMB (Kirkegaard and Perry Laboratories, Gaithersburg, MD) was used as substrate. Absorbance was determined at 450 nm using a Bio-Tek microplate reader (Bio-Tek, Winooski, VT). In quantitative assays, serum proteins were determined by comparing absorbance values to a standard curve formed from standard protein dilutions in each plate.
Heat Shock Protein 70 (HSP-70) HSP-70 levels were determined in serum samples by direct ELISA. Detection was performed with HRP conjugated rabbit anti-chicken HSP-70 (Bioss Inc., Woburn, MA).
Transferrin and Lysozyme Transferrin and lysozyme levels were determined in serum samples by direct ELISA. Chicken transferrin (My BioSource, San Diego, CA) or turkey lysozyme (Sigma-Aldrich, St. Louis, MO) were used as respective standards and plated serial dilutions in carbonate-bicarbonate buffer (pH = 9.6). Detection was performed with HRP-conjugated rabbit anti-chicken transferrin (My BioSource, San Diego, CA), or HRP-conjugated rabbit anti-chicken hen egg lysozyme (Abcam, Cambridge, UK). The proteins were determined by comparing absorbance values to a standard curve formed from the standard dilutions in each plate.
Total IgY IgY antibody levels were determined in serum samples by direct ELISA. Purified turkey IgY prepared in our laboratory (according to a protocol by Goldring and Coetzer (Goldring and Coetzer 2003) ) was used as standard. Detection was performed with HRP-conjugated goat anti-turkey IgY HRP conjugate (Kirkegaard and Perry Laboratories, Gaithersburg, MD). Serum IgY was determined by comparing absorbance values to a standard curve formed from the standard IgY values in each plate.
Virus Specific Antibodies (Newcastle disease virus, Turkey Rhinotracheitis virus and Avian Influenza) Specific IgY antibody levels in serum samples were determined by an indirect ELISA developed in our lab. Briefly, vaccine antigens (NDV V.H clone, TAbic, Phibro, Israel; TRT strain A, VIR 115A, Biovac, Israel; Influenza H9N2 isolation no. 215 Israel, Abic, Phibro, Israel) were diluted in duplicate using carbonatebicarbonate buffer (pH = 9.6) and plated. Affinity purified turkey IgY (described above) was used as standard. Coated plates were incubated as described above, and extensively washed (0.5% skim milk), and then serially diluted serum samples were added. The plates were placed in a humidified chamber at 4
• C overnight. 
RNA Extraction and PCR Analysis
RNA was extracted from TBL using TRI Reagent TM (Molecular Research Center Inc., Cincinnati, OH) according to the manufacturer's instructions. Contaminating chromosomal DNA was digested with DNase I (RNAse free; 1IU/μg of RNA; Fermentas, Glen Burnie, Maryland for 30 min at 37 • C). RNA quality was assessed using Agilent Bioanalyzer total RNA nano chip. One microgram RNA from each sample was reverse transcribed using iScript TM Advanced cDNA Synthesis Kit for RT-qPCR (Bio-Rad, Hercules CA) according to the manufacturers' protocol. cDNA was amplified by PCR using SsoFast TM EvaGreen R Supermix (Bio-Rad, Hercules CA) and specific primers for the examined genes (see Table 1 for details). Primer sequences were designed using Oligo primer analysis software (Molecular Biology Insights, Inc., Colorado Springs, CO) according to GeneBank published sequences and were suitable for turkeys. Each primer pair was calibrated to determine the optimal reaction temperature and cDNA concentration. Expression levels of examined genes were determined by RT-PCR. RT-PCR was performed using C1000 Thermal Cycler and results were analyzed using Bio-Rad's CFX manager TM software (http://www.bio-rad.com/webroot/web/pdf/lsr/ literature/10021337.pdf) (Bio-Rad, Hercules CA). Dissociation curve analysis was performed at the end of each real-time PCR reaction to validate the presence of a single reaction product and lack of primer dimerization. Normalized expression (ΔΔCq) is the relative quantity of the tested gene normalized to the quantities of the reference genes in the assay (ch28S and ch18S). The calculation for normalized expression is described in the following formula, which uses the calculated Relative Quantity (RQ) calculation: 
Statistical Analysis
Results are mean averages of 3 separate road transportation experiments ± SEM; in individual experiments, no less than 5 birds were evaluated per transit stage (different representative individuals were randomly sampled); thus, the total displayed results are from no less than 75 birds. Statistical analyses were performed using JMP R software (SAS R Institute Inc., Cary NC). Data were analyzed using Welch -t test (significance of differences was at least P = 0.05). Wilcoxon each paired test was used for multiple comparisons. Interactions between experiments was found to be insignificant (P > 0.05). 
RESULTS
To determine the impact of transport on turkey pullet general well-being, we determined the physiological status of the birds following transport. Physical inspection of 100 randomly collected pullets in each of the 3 experiments immediately post transit revealed that the majority of birds exhibited clear signs of fatigue and exhaustion (squatting, panting, apathy); in addition, we noted in over 50% of the birds, multi-focal tissue trauma as exhibited by bruises, cuts, nicks, subcutaneous hematomas and even bone fractures (mainly in wings).
To assess alterations in blood volume and to determine the volemic status of the birds, we determined hematocrit, serum total protein and serum albumin. Results in Table 2 show that hematocrit levels significantly increased during the collecting stage (∼4% increase compared to control/rest), began to gradually decline during transit and were baseline 1-d post transport. Serum total protein levels increased by 17.6% above control during the collecting stage (Table 1; 3.12 g/dL at rest and 3.67 g/dL immediately after collecting, P = 0.0007). Interestingly, similarly to hematocrit, our data show that during transit, total protein levels decreased to ∼3.4 g/dL, although water was not yet provided. In an attempt to understand these observations, we determined albumin levels in serum. Serum albumin levels increased above control during the collecting stage (∼16% increase above control; Table 2 ). However, during transit, albumin levels dropped sharply to below control levels (>40% decline relative to collecting, and > 30% decline relative to the resting control). Hematocrit, total protein and albumin levels returned to resting levels after birds had settled in their new housings (33.8%, 3.13 g/dL and 1.23 g/dL 1 d post transit, respectively; P = 1) ( Table 2 ). The combination of hemo-concentration, hyperproteinemia and hyperalbuminemia are strongly suggestive of dehydration during the collecting stage, due to nausea and/or diarrhea. Later decline in hemoconcentration, and serum total protein as well as severe hypoalbuminemia are suggestive of extensive vascular damage and bleeding during the transit stage.
The above findings led us to suspect that the nature of transit-related injury was extensive, and that soft tissue damage, such as muscle injury had also occurred. To confirm this possibility, we measured CK serum levels. Table 2 show that serum CK levels rapidly increased almost 3-fold during collecting, and remained significantly elevated during transit and 1-d post transit; on d 10 post transit, although declined, CK levels still remained 1.5-fold above those of the resting control. As muscle damage probably resulted from forceful handling, it could also be exacerbated by fatigue. To explore this possibility, we measured whole blood glucose levels. We found that glucose levels began to decline during the collecting stage and a severe and significant decrease occurred during transit (Table 2) . Increased compensatory glucose levels were observed by d-1 post transit, and control levels were restored on d 10 post transit (Table 2) .
Results in
Collectively, the data presented thus far are consistent with rather extensive blunt-force trauma caused during the different stages of turkey pullet transport. To formally demonstrate that the transported turkeys were in a state of stress, we determined levels of HSP-70, a good indicator of stress in poultry, in serum and HSP-70 gene expression in TBL. During the collecting stage, serum HSP-70 levels increased significantly (P < 0.05; Figure 1A) ; interestingly, during the following stages, serum HSP-70 levels declined to half the level in resting controls (P < 0.05). These fluctuations indicate rapid HSP-70 release and later, significant consumption during transport. Another indication for this possibility was manifested via HSP-70 mRNA levels in TBL ( Figure 1B) . Similarly, HSP-70 mRNA increased significantly in TBL during the collecting stage (∼4-fold increase; P < 0.01) and remained elevated during transit. Levels were still significantly elevated by 1-d post transit (P < 0.05), while expression levels below normal were observed by d 10 post transport (P < 0.05). Thus, increased release and consumption as well as expression of HSP-70 in TBL are collectively indicative of its role in stress and subsequent recovery.
Stress responses are initiated and modulated by neuro-endocrine stress hormones (glucocorticoids and/or catecholamines). As serum levels and the expression of HSP-70 by TBL were significantly increased during the collecting phase, it was possible that TBL were directly responding to stress hormones. To address this possibility, we determined the expression of stress hormone receptors (the glucocorticoid receptor (GCR) and the catecholamine receptors ADRα2 and ADRβ2) in TBL, and determined the impact of transport on expression of these receptors. Venous blood was drawn during the 5 temporal stages of transit. The selected parameters were determined as describe in Methods. Values in the table are averaged group means from 3 different transits ± SEM (n = 15/group); means within rows lacking a common superscript differ (P < 0.05). Figure 1 . Serum HSP-70 levels (A) and HSP -70 mRNA expression in TBL (B) during transit. Venous blood was drawn during the 5 temporal stages of transit, and serum HSP-70 levels, presented as absorbance units, were determined by ELISA. Messenger RNA was purified from TBL, and HSP-70 gene expression was determined by RT-PCR. Gene expression is expressed as normalized -fold expression as described in Methods. Values in the figure are averaged group means from 3 different transits ± SEM (n = 15/group). Means lacking a common superscript differ (In A, P < 0.05; In B, A:B P < 0.01, other comparisons are P < 0.05).
As the presence of stress hormone receptors has not been demonstrated in TBL, we initially determined the presence of GCR and ADRβ2 in TBL by immunocytochemistry (ADRα2 was not determined for lack of suitable anti-chicken/turkey antibodies). Supplemental Figure 1 portrays a slide doubly stained for the GCR and ADRβ2 and counterstained with DAPI. As can be seen, the slide contains several granulocytes (arrowhead), mononuclear cells (thin arrow) and thrombocytes (wide arrow). All cell types stained positive for the 2 receptors, with differing degrees of intensity. Thus, TBL express receptors for stress hormones.
These observations were further substantiated and extended in Figure 2 showing that TBL collectively express mRNA for GCR, ADRβ2, and ADRα2. Moreover, there was a significant increase in mRNA levels of all 3 receptors during the collecting stage of transport (P < 0.05). Messenger RNA levels of all 3 receptors gradually decreased after transit, and resting levels were restored by 1 d post transit. Thus, as transport directly increased expression of the 3 stress hormones examined here, direct response of TBL to stress hormones was possible.
The expression of receptors for stress hormones and the immediate response of TBL to transport-induced stress as reflected by increased expression of HSP-70, prompted us to determine expression of additional pro-inflammatory cytokines. Accordingly, we observed significant increase in mRNA levels of IL-1β, IL-6 and IL-18 in TBL during the collecting stage ( Figure 3A , B, and C, respectively), while that of IL-8 was slightly increased during collection and markedly so during transit ( Figure 3D ; both significant). All cytokine mRNA levels were restored to control rest levels by d 1 post transit. Thus, transport-induced stress, caused rapid and increased expression of pro-inflammatory cytokine mRNA during the initial phases of turkey pullet transit.
Possible oxidative damage due to tissue injury and increased pro-inflammatory cytokine production may be countered by anti-oxidative serum proteins, such as lysozyme and transferrin. Results in Figure 4 show that serum levels of both transferrin and lysozyme were significantly decreased during collecting: Serum lysozyme levels ( Figure 4A ) significantly declined during the collecting and transit stages (4-fold relative to the resting control; P > 0.01) and remained low until 10 d after transport when they returned to control levels. A similar significant decrease, but of less magnitude, was observed in serum transferrin levels (P < 0.05) ( Figure 4B ), and full recovery was observed by d 10 post transport. To determine whether the decrease was due to protein loss (as in albumin -see Table 1) or to specific utilization, we determined the dynamics of lysozyme and transferrin gene expression. We observed that gene expression, as reflected by mRNA levels, was precisely reciprocal or inverse to protein levels; thus, peak lysozyme mRNA levels were observed during the collecting stage, and peak transferrin mRNA levels were observed during the transit stage ( Figure 4C and D, respectively); control mRNA levels were restored for both proteins by d 10 post transport. The temporal behavior of transferrin and lysozyme protein and mRNA levels are consistent with protein utilization and replenishing and not protein loss.
Our above findings support a role for proinflammatory cytokines in transport-related stress. Collectively, these observations indicate activity of the innate immune system, while activity of the adaptive immune response had yet to be demonstrated. To do Figure 2 . Gene expression of the stress hormone receptors -GCR, ADRβ2 and ADRα2 in TBL during transit. Messenger RNA was purified from TBL prepared from venous blood drawn during the 5 temporal stages of transit, and gene expression of the 3 receptors was determined by RT-PCR. Gene expression is expressed as normalized -fold expression as described in Methods. Values in the figure are averaged group means from 3 different transits ± SEM (n = 15/group); means lacking a common superscript differ (P < 0.05 for all 3 receptors).
so, we followed the effects of stress on ongoing adaptive humoral immunity as expressed by total serum IgY and serum IgY specific for 3 pathogens induced by prior routine vaccination: Newcastle disease virus, turkey rhinotracheitis virus, and turkey influenza virus (Table 3 ). Our observations indicate that transport-induced stress had no effect on levels of circulating antibodies.
DISCUSSION
From a welfare point of view, transport is one of the most stressful events in poultry husbandry (Huff et al., 2008; Vosmerova et al., 2010; Schwartzkopf-Genswein et al., 2012; Marchewka et al., 2013) . In spite of the extensive knowledge on the impact of transport on stress and animal welfare, little is known on the impact of transport on the physiology of turkey pullets, their welfare and health, and even less on the process of homeostatic recovery in the new environment. These issues are the main focus of this manuscript.
Our initial physical examination of turkeys during transport and immediately thereafter revealed extensive fatigue, numerous physical lesions and altered blood volume and protein content. The combination of increased hematocrit accompanied by hyperproteinemia and hyperalbuminemia during the collecting stage are strongly indicative of dehydration. This could be explained by a flight-or-fight response, water prevention, or diarrhea/vomiting. However, during transport and immediately thereafter, the physiological status as determined by hemoconcentration became more complex: Here, the decline in hematocrit together with total serum protein prior to water replenishment, as well as severe hypoalbuminemia, suggest that the birds suffered from vascular damage and internal bleeding during the transit stage (in addition to continuing dehydration). The relatively more severe hypoalbuminemia during transit might indicate a differential loss of serum albumin due to internal bleeding. This is supported by the finding that hematocrit levels as well as total protein levels returned to control levels by d 1 post transit, while albumin levels were restored only 10 d post-transit. The fact that hematocrit decline appeared to be less severe than that of albumin could be explained by preferential loss of small proteins, such as albumin, accompanied by general vasoconstriction to support blood pressure and increase hematocrit (Lichtenberger 2004) . Our observations are supported by those of Vosmerova et al. (2010) , who found that during transport of broilers to slaughterhouses, total protein levels in plasma declined as the duration of the transport increased, and those of Huff et al. (2008) , who described hypoalbuminemia, hypoproteinemia, and decreased hematocrit levels up to 12 h post turkey transport.
Creatine kinase is widely used in avian medicine to assess muscle damage. It provides creatine phosphate, a reservoir for the regeneration of ATP in skeletal muscle tissue (Wallimann et al., 1992) . As it is a mitochondrial Figure 3 . Gene expression of pro-inflammatory cytokines in TBL during transit. Messenger RNA was purified from TBL prepared from venous blood drawn during the 5 temporal stages of transit, and gene expression of the pro-inflammatory genes was determined by RT-PCR. Gene expression is expressed as normalized fold expression as described in Methods. Values in the figure are averaged group means from 3 different transits ± SEM (n = 15/group); means lacking a common superscript differ (IL1β -P < 0.05; IL-6 -P < 0.01; IL-18 -P < 0.05; IL-8 -P < 0.01).
and sarcoplasmatic enzyme, and its elevation in serum indicates skeletal muscle injury; moreover, it is considered to be indicative of physical stress and exercise in turkeys (Hochleithner 1994) . Our observations on the extensive increase of serum CK during transport are supported by many previous studies describing severe tissue and muscle damage in poultry and specifically in turkeys, during transport and shipping procedures (Spraker et al., 1987; Mitchell et al., 1992; Nicholson et al., 2000; Gyimothy 2004; Huff et al., 2008 ). Huff and colleagues described a 6-to 19-fold increase of CK levels during turkey transport, suggesting it was the most significant parameter effected by transport stress in that study (Huff et al., 2008) . It is relevant to mention here that the injury of muscle cells, and particularly that of the sarcoplasmatic reticulum, causes release of calcium that leads to the activation degrading enzymes and production and release into the circulation of reactive oxidative species (ROS) (Landau et al., 2012; Chaudhari et al., 2014) . At the same time released calcium, via overloading muscle mitochondria, may lead to the production of additional ROS (Chaudhari et al., 2014) . The release of ROS into the circulation requires buffering by serum anti-oxidants as discussed below.
We describe the development and resolving of hypoglycemia during transit. Similar observations were previously documented in poultry (Halliday et al., 1977; Freeman et al., 1984) : Hypoglycemia was described during broiler transport that lasted 2 to 4 h, thereby suggesting that it was the result of hepatic glycogen storage depletion. Also, it was suggested that travel distance of broilers during transport had a negative effect on glucose levels (Vosmerova et al., 2010) . However, it was also reported that when broilers were allowed access Venous blood was drawn during the 5 temporal stages of transit, and serum lysozyme and transferrin levels were determined by quantitative ELISA as described in methods. Messenger RNA was purified from TBL, and gene expression of lysozyme and transferrin was determined by RT-PCR. Gene expression is expressed as normalized fold expression as described in Methods. Values in the figure are averaged group means from 3 different transits ± SEM (n = 15/group); means lacking a common superscript differ (serum lysozyme -P < 0.01; serum transferrin -P < 0.05; lysozyme gene expression -A:B and A:C -P < 0.01, B:C -P < 0.05; transferrin gene expression -A:B and B:C -P < 0.05; A:C P < 0.01).
to feed prior to transport, they did not suffer from hypoglycemia, implying hypoglycemia was principally due to food prevention rather than transport stress (Nijdam et al., 2005) . Whether hypoglycemia is due to glycogen depletion or due to food deprivation, it does not change its potential for causing additional muscle damage due to energy depletion.
Collectively, our results demonstrate extensive physiological damage and distress during turkey pullet transport. To formally demonstrate that the transported turkeys were in a state of stress, we determined levels of HSP-70 in serum and HSP-70 gene expression. Previous studies have shown that HSP-70 may be induced by corticosterone administration (Zulkifli et al., 2014) , and it is highly expressed during stress (Maggioli et al., 2014) . Our findings confirm these observations in that both HSP-70 protein and mRNA were considerably increased by early events during transport. While HSP-70 protein levels declined considerably thereafter, probably due to consumption, mRNA levels remained elevated until 1 d post transport.
The Danger model, proposed by Matzinger, suggests that the immune system is more concerned with damage than with foreignness, and is activated by alarm signals from injured/damaged tissues rather than by the recognition of non-self (Matzinger 2002 (Land 2015 ) that displays many cytoprotective activities, including recognition of faulty proteins and marking them for repair/refolding or degradation, activation of glutathione (GSH), which improves the ability to cope with oxidative stress and inhibits apoptotic signaling, and regulation of cellular processes (Asea et al., 2000; Johnson and Fleshner 2006; Asea 2008) . While the direct actions of HSP-70 during transport related stress need to be directly demonstrated, its serum levels and mRNA expression TBL indicate its involvement as a DAMP during turkey pullet transport.
The immune system has a fundamental impact on damaged tissue repair and its activity determines the quality of tissue repair and its outcome (Eming et al., 2009) . As the involvement of the immune system in restoration of tissue homeostasis and organ function after injury is documented in many species (Eming et al., 2009) , and as HSP-70 was significantly elevated in TBL, we sought direct evidence for the involvement of the immune system in restoring homeostasis in turkeys following transport stress. Stress responses are initiated and modulated by neuroendocrine stress hormones (glucocorticoids and/or catecholamines) that have been shown to modulate immunity (Marketon and Glaser 2008) . While some of these effects lead to transient depression of certain immune activities (Glaser and Kiecolt-Glaser 2005) , other immune activities are enhanced (Medzhitov 2008; Wein et al., 2016) , and it was proposed that during stress the immune system is reconfigured (Adamo 2014) . The novel finding on the expression of 2 adrenergic receptors, ADRβ2 and ADRα2 together with GCR in TBL indicate direct responses to stress hormones as previously suggested (Marsh and Scanes 1994; Taves et al., 2016) .
As suggested above, the pro-inflammatory tissuerepair tuned response could be initiated by endogenous signals, such as but not exclusively so, HSP-70 (Medzhitov 2008) . Studies show that HSP-70 attachment to leucocytes causes a rapid influx of calcium ions that ultimately leads to increased expression and production of pro-inflammatory cytokine genes, such as IL-1β and IL-6 (Asea et al., 2002; Johnson and Fleshner 2006; Asea 2008) . Increased IL-1β and IL-6 in TBL, as well as possible monocyte activation, induce the chemokine IL-8 that plays an important role in wound healing (Rennekampff et Extensive muscle injury and the inflammatory cascade may lead to significant production of ROS, which function as signaling molecules and as mediators of inflammation (Mittal et al., 2014) . As ROS may be deleterious to the host, vertebrate cells developed antioxidant defense systems that function to remove ROS. Lysozyme and transferrin are well-known antimicrobial, antioxidative proteins, primarily synthesized by hepatocytes (Gordon et al., 1974; Lum et al., 1986; Dejong et al., 1990) and by leukocytes (Giansanti et al., 2015; Nimalaratne and Wu 2015) . Increased levels of endogenous antioxidants, such as uric acid, were previously observed in broilers and turkeys during transport (Halliday et al., 1977; Hartman et al., 2006; Huff et al., 2008; Vosmerova et al., 2010) . Both lysozyme and transferrin decline could be the result of protein loss due to internal bleeding or due to their consumption as antioxidant proteins. As the observed decrease in both protein levels was more profound than that of albumin, it is more likely that their decrease was due to them being sequestered by, or mobilized to injured tissues. The inverse temporal relationship between lysozyme and transferrin protein levels and their consequent gene expression is indicative of a repletion response aimed to recover serum protein levels used to counter oxidative injury. The protective activity of these proteins during oxidative injury is in agreement with other published studies (Stocks et al., 1974; Gutteridge et al., 1981; Aruoma and Halliwell 1987; Halliwell and Gutteridge 1990; Gutteridge and Quinlan 1992; Gutteridge and Quinlan 1993; Torsteinsdottir et al., 1999; Liu et al., 2006) . Also, steroid hormones, involved in stress, were previously shown to directly induce lysozyme gene upregulation (Theisen et al., 1986) . This, in addition to a repletion response, might also explain the sharp increase in lysozyme mRNA levels observed in TBL during the collecting stage (∼5-fold increase compare with control). Recently, we showed that lysozyme gene expression was elevated during stress in poultry (Wein et al., 2016) .
While our observations indicate an impressive activation of pro-inflammatory innate immune responses, we found no evidence for effects on ongoing adaptive immune responses as indicated by total IgY or by IgY responses to 3 vaccine antigens. These observations contrast those reported by Shini et al., who showed that elicitation of stress in chickens, using exogenous corticosterone, affected specific IgY levels against infectious bronchitis virus within several hours after administration (Shini et al., 2010) . As we did not test endogenous cortisone levels, the discrepancy could be explained by different requirements for cortisone to effect IgY secretion by differentiated plasma cells. Indeed, the effects of severe and temporary stress might not be reflected through levels of pre-secreted antibodies, however a stress related effect might be demonstrated if immunization were to be attempted in the immediate post-transit period. This possibility is currently being tested to explain post-transport failures of adaptive immunity, as turkey pullets to have been shown to be more susceptible to opportunist pathogens in the immediate period post transport (Huff et al., 2007; Huff et al., 2008) . Reducing transport stress and improving housing conditions in the new facility might reduce this susceptibility, while reduction of transport-induced stress in itself is an important objective for improving animal welfare.
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